Abstract-All existing training signal designs for channel estimation in OFDM systems neglect phase noise or both frequency offsets and phase noise. In practice, frequency offset and phase noise are unavoidable and can seriously degrade the performance of OFDM systems. In this paper, we address the problem of designing optimal training signals for the estimation of frequencyselective channels in MIMO OFDM systems with frequency offset and phase noise. Analytical and simulation results for the corresponding channel estimation mean square error are presented. Channel estimation performance is more sensitive to frequency offset and phase noise in MIMO than in SISO OFDM systems. The performance improvement achieved by the proposed training signals becomes more significant for moderate-to-high values of SNR, frequency offset, and phase noise level.
I. INTRODUCTION
All existing OFDM-based systems transmit training signals for synchronization and channel estimation purpose. Since a proper training signal design can improve estimation performance and reduce the estimation complexity substantially, it has attracted significant research attention. Training signal designs for synchronization were addressed in [1] - [3] . For channel estimation, [4] - [7] presented training signal designs for single-input single-output (SISO) OFDM systems while [8] - [10] addressed training designs for multi-input multioutput (MIMO) OFDM systems. Recently in [11] , using basic properties of the discrete Fourier transform, we presented general optimal training signal designs for frequency-selective fading channel estimation in MIMO OFDM systems. The optimal pilot tone allocations are classified as frequency-division multiplexing (FDM), time-division multiplexing (TDM), codedivision multiplexing in frequency-domain (CDM(F)), codedivision multiplexing in time-domain (CDM(T)) and combinations thereof. These classifications include all existing optimal training signal designs for MIMO OFDM fading channel estimation in the literature as special cases.
All of the above existing training signal designs for OFDM channel estimation assume no frequency offset and phase noise. In practice, frequency offset is unavoidable due to local oscillator mismatches. Due to non-ideal oscillators, phase noise is unavoidable too. Frequency offset and phase noise cause a loss of orthogonality among the sub-carriers which in turn can seriously degrade the performance of OFDM systems [13] . Recently, we have presented training signal designs for MIMO-OFDM channel estimation in the presence of frequency offsets in [12] where it is shown that the channel estimation performance can be severely degraded by frequency offsets and our training signal designs can alleviate the degradation significantly.
In this paper, we present training signal designs for MIMO-OFDM channel estimation in the presence of both frequency offset and phase noise. Our results show that MIMO OFDM systems are more sensitive to frequency offsets and phase noise than SISO OFDM systems and the performance improvement of the proposed optimal training signals becomes more significant for moderate-to-high values of SNR, frequency offset, and phase noise level.
The rest of this paper is organized as follows. Section II describes the signal model. Section III presents the proposed design. Simulation results and discussions are presented in Section IV and the paper is concluded in Section V. The results from [12] show that under the same total training signal energy constraint, using one OFDM training symbol (i.e., Q = 1) is more robust to frequency offsets than using multiple OFDM training symbols. Hence, for simplicity, we will consider one OFDM training symbol (i.e., Q = 1) and the symbol index q will be omitted. First, we suppress contribution from the off-diagonal elements of Q by considering a diagonal matrix Q which is obtained by using dk = 1 (and hence, Ak 2=Eav). Then Figures 1 and 2 for NTX 1 and 2, respectively. Multipath channels between pairs of transmit and receive antennas are assumed to be iid with L = 8 uncorrelated Rayleigh fading taps and an exponential power delay profile having a 3 dB per tap decaying factor. In the figures, training#1 represents our proposed training signal given in (34), training#2 employs an FDM pilot allocation with L tones for each antenna, training#3 is of a CDM(F) allocation over 2L sub-carriers, and training#4 uses a CDM(F) allocation over all sub-carriers with a phase factor 27mnL,/K, (L1 > L). Note that all training signals used are optimal in the absence of frequency offset and phase noise. The following remarks are in order:
1) The presence of phase noise makes our proposed training signals even more advantageous than in the presence of frequency offset only. As the phase noise variance increases, the NMSE difference between the proposed training signals and the reference training signals increases.
2) Phase noise with u2 > 0.0025 introduces an NMSE p floor.
3) For K > LNTX which is a more practical scenario, NMSE improvements of the proposed training signals are significant. A smaller NTX gives a larger NMSE improvement of the proposed training signals. This trend is the same as the effect of frequency offset.
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